did not alter the expression of other selected RsmA-dependent targets. We account for 48 this observation by showing that ExsA expression is more sensitive to changes in free 49
RsmA when compared to other members of the RsmA regulon. Together, these data 50 indicate that recalibration of the RsmAYZ system partially accounts for reduced T3SS 51 gene expression in mucA mutants. 
INTRODUCTION
The p2UY137 (pVfr) expression vector was constructed cloning vfr into the NdeI/SacI 158 sites of p35B. pUY68-P PA4492'-'lacZ was constructed by cloning the P PA4492 promoter 159 region into the EcoRI/BamHI sites of pUY68. pEXG2 gacA was constructed by PCR 160 amplifying upstream (78241012-78241013) and downstream (78241010-78241011) 161 flanking regions of gacA and cloning into the KpnI-XbaI sites of pEXG2. The mini-CTX-162 P rsmY-lacZ , P rsmZ-lacZ , P gacA-lacZ , P gacS-lacZ , P retS-lacZ , and P ladS-lacZ reporters were constructed 163 by cloning the desired promoter fragment the EcoRI-BamHI sites of mini-CTX1. 164 p3UY36 (pEXG2-P 35B ) was constructed in three steps. First, the rpoC transcriptional 165 terminator from pOM90 was amplified using primers 45403337-45420277 and cloned 166 into the Sph1 restriction site of p2UY36, creating vector p2UY104. Second, the 167 on December 25, 2017 by guest http://jb.asm.org/ Downloaded from terminator-P 35B promoter fragment was excised from p2UY104 and inserted into the 168
HindIII-XhoI sites of pEXG2. Finally, the exsCEBA region from p2UY104 was cloned 169 into the SphI-SacI sites of the above vector, creating p3UY36. 170
Statistical analyses. Two-tailed unpaired t tests were used for data analyses 171 when comparing two groups. The one-way ANOVA test and Tukey's post-test were 172 used to determine statistical significance when comparing three or more groups. 173
Statistical analyses were performed using Prism 5.0c (GraphPad Software, Inc., La 174
Jolla, CA). 175
176

RESULTS
177
Reduced T3SS gene expression in mucA mutants occurs through Vfr-178 dependent and -independent mechanisms. Previous studies found that Vfr is 179 required for maximal T3SS gene expression (27) and that Vfr expression is reduced in a 180 mucA mutant (26). Vfr insufficiency, therefore, is the simplest model to account for 181 reduced T3SS gene expression in a mucA mutant, and is consistent with the finding that 182 overexpression of Vfr in trans restores T3SS gene expression in a mucA mutant (26). If 183 reduced T3SS gene expression in the mucA mutant were solely attributable to Vfr 184 insufficiency then T3SS gene expression should remain unchanged in a mucA-vfr 185 double mutant. Using the previously described P exsD-lacZ transcriptional reporter as a 186 marker for T3SS gene expression (53), however, we found that reporter activity and 187
ExsA expression were significantly reduced in the mucA-vfr double mutant when 188 compared to either of the single mutants alone (Fig. 1A) ExsA-dependent transcription (54). Transcription of the exsCEBA operon is positively 202 auto-regulated by ExsA through the P exsC promoter (55). We hypothesized that 203 transcription of the exsCEBA operon and/or expression of an exsCEBA gene product(s) 204 is disrupted in the mucA mutant. To differentiate transcriptional from post-205 transcriptional effects on expression of the exsCEBA operon, we replaced the ExsA-206 dependent P exsC promoter with a constitutive derivative of the P lacUV5 promoter (P 35B ) 207 resulting in strain UY339 ( Fig. 2A ). PA103 and UY339 were then cultured under non-208 inducing (high Ca 2+ , -EGTA) and inducing (low Ca 2+ , + EGTA) conditions for T3SS 209 gene expression, and assayed for P exsD-lacZ reporter activity and ExsC/ExsA expression. 210
Consistent with a previous report, P exsD-lacZ reporter activity, and ExsC and ExsA 211 expression, were induced when the wt strain (PA103) was cultured under low Ca 2+ 212 conditions (56) (Fig. 2B) Having verified that exsCEBA expression is constitutive in strain UY339, in-frame 217 mucA and vfr deletions were introduced into the UY339 background, and the resulting 218 strains were assayed for ExsA-dependent P exsD-lacZ transcriptional reporter activity. The 219 UY339 mucA mutant demonstrated a significant reduction in reporter activity that was 220 partially complemented by MucA expressed from a plasmid (Fig. 2C) . Although ExsA 221 expression levels were significantly reduced in the UY339 mucA mutant, ExsC 222 expression levels were similar in strain UY339 and the UY339 mucA mutant. Since 223 exsC and exsA are encoded on the same polycistronic mRNA (55) ( Fig. 2A) , this finding 224 raised the possibility that the mucA mutant has a post-transcriptional defect in ExsA 225
expression. 226
In contrast to our findings for the UY339 mucA mutant, the UY339 vfr mutant had 227 P exsD-lacZ activity similar to the parental UY339 strain (Fig. 2C ). These data suggest that 228 decreased P exsD-lacZ activity in the UY339 mucA mutant does not result from the loss of 229 Vfr expression and supports our hypothesis that AlgZR inhibits T3SS gene expression 230 through a second, Vfr-independent, mechanism. 231 Previous studies found that RsmA has a positive effect on T3SS gene expression 232 but the mechanism has not been determined (45 rsmA was similar to the UY339 mucA mutant in that P exsD-lacZ reporter activity and ExsA 238 expression were reduced while ExsC levels remained unchanged (Fig. 2C) . P exsD-lacZ 239 reporter activity and ExsA expression were fully restored in the rsmA mutant by the 240
RsmA complementation plasmid. 241
To further examine the post-transcriptional defect in ExsA expression and 242 determine whether other components of the ExsCED regulatory cascade are also 243 subject to post-transcriptional control, we integrated P lacUV5-exsC'-'lacZ , P lacUV5-exsCE'-'lacZ , 244 P lacUV5-exsCEB'-'lacZ , P lacUV5-exsCEBA'-'lacZ , and P lacUV5-exsD'-'lacZ translational reporters into the 245 CTX phage attachment site of the mucA and rsmA mutants (Fig. S1 ). Each reporter 246 was transcribed from the constitutive P lacUV5 promoter to avoid detection of regulatory 247 events occurring at the transcriptional level. The only reporter in the exsCEBA operon 248 to demonstrate a significant change in activity was the P lacUV5-exsCEBA'-'lacZ translational 249 fusion, decreased ~2-fold in both the mucA and rsmA mutants (Fig. 3A) . To verify that 250 the decreased activity of the P lacUV5-exsCEBA'-'lacZ reporter was due to a post-transcriptional 251 defect and not reduced activity of a cryptic, unknown promoter within the exsCEBA 252 operon, we constructed a transcriptional fusion (P lacUV5-exsCEBA-lacZ ) with the same 253 sequence used to construct the translational fusion. P lacUV5-exsCEBA-lacZ transcriptional 254 reporter activity was similar in wt PA103, and the mucA and rsmA mutants, further 255 confirming that the decreased activity of the P lacUV5-exsCEBA'-'lacZ translational fusion 256 resulted from a post-transcriptional defect (Fig. S2) . 257
Reduced T3SS gene expression in mucA mutants is mediated through the AlgZR 258 two-component regulatory system (25, 26). To determine whether this was also true for 259 on December 25, 2017 by guest http://jb.asm.org/
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ExsA expression, the P lacUV5-exsCEBA'-'lacZ translational reporter was introduced into the 260 mucA-algZR mutant. As predicted, deletion of algZR in the mucA mutant background 261 restored P lacUV5-exsCEBA'-'lacZ activity to wt levels (Fig. 3B) . We also found that expression 262 of AlgR in the wt background reduced P lacUV5-exsCEBA'-'lacZ reporter activity ~4-fold 263 compared to a vector control strain (Fig. 3C) . Together, these data indicate that rsmA 264 and mucA mutants have a similar post-transcriptional defect in ExsA expression, and 265 that the defect in the mucA mutant is AlgZR-dependent. 266
Increasing the level of free RsmA partially restores T3SS gene expression 267 in a mucA mutant. The finding that mucA and rsmA mutants both possess a post-268 transcriptional defect specific to ExsA suggested that the phenotypes are linked to one 269 another. We hypothesized that the concentration of free RsmA is reduced in the mucA 270 mutant. To test this idea we introduced an arabinose-inducible RsmA expression vector 271 (pRsmA) into the mucA mutant and found that P exsD-lacZ reporter activity increased 3-4 272 fold (Fig. 4A) . When compared to the parental strain carrying the vector control, 273 however, plasmid-expressed RsmA was unable to fully restore T3SS gene expression 274 in the mucA mutant. 275
A previous study reported that expression of the RsmY and RsmZ regulatory 276
RNAs is significantly reduced in an rsmA mutant ( Fig. 4B ) (57). We observed the same 277 using P rsmY-lacZ and P rsmZ-lacZ transcriptional reporters and also saw that plasmid-278
expressed RsmA results in a significant increase in P rsmY-lacZ and P rsmZ-lacZ reporter 279 activity ( restoration of P exsD-lacZ reporter activity by pRsmA in the mucA mutant (Fig. 4A ). To test 284 this possibility we constructed a mucA-rsmYZ triple mutant and found that P exsD-lacZ 285 reporter activity was increased 2-fold relative to the mucA mutant (Fig. 4A ). These 286 combined data indicate that increased RsmA activity, whether it be through increased 287
RsmA expression or elimination of the RsmA-antagonizing RsmYZ sRNAs, partially 288 restores T3SS expression in the mucA mutant. 289
Restoration of Vfr expression in conjunction with increased free RsmA 290
restores T3SS expression in a mucA mutant. The observations that Vfr expression 291 is reduced in a mucA mutant (26) and that increased free RsmA partially restores T3SS 292 gene expression in a mucA mutant (Fig. 4A ) prompted us to test whether plasmid-293 expressed RsmA would also restore Vfr expression in the mucA background. To 294 examine this possibility we used the previously described Vfr-dependent P lacP1-lacZ 295 transcriptional reporter integrated at the chromosomal CTX phage attachment site (52). 296
Whereas pMucA provided in trans increased P lacP1-lacZ reporter activity to wt levels in the 297 mucA mutant, pRsmA had no effect on reporter activity (Fig. 4C ). The latter finding 298 suggests that the defects in ExsA and Vfr expression observed in the mucA mutant 299 occur through distinct mechanisms, and that Vfr expression is reduced in the mucA 300 mutant independently of RsmA. 301
Our data to this point suggest that the availability of Vfr and free RsmA are both 302 limiting in the mucA mutant, and that plasmid-expressed RsmA is unable to correct the 303 Vfr expression defect (Fig. 4C) . We reasoned, therefore, that simultaneous restoration 304 RsmA (through rsmYZ deletion) stimulated P exsD-lacZ reporter activity 5-fold or 10-fold, 307 respectively, relative to the vector controls (Fig. 4A) . Combining both activities by 308 expressing Vfr in the mucA-rsmYZ mutant restored P exsD-lacZ reporter activity to wt levels 309 (Fig. 4A) . We conclude, therefore, that the loss of T3SS gene expression in the mucA 310 mutant results from the combined loss of Vfr and RsmA activity. 311
Based upon the above findings, our working model is that AlgR reduces both Vfr 312 expression and free RsmA levels to inhibit T3SS expression in a mucA mutant. One 313 prediction of that model is that plasmid-expressed AlgR should no longer inhibit T3SS 314 expression in a rsmYZ-vfr triple mutant. Relative to the vector control, the pAlgR 315 expression plasmid resulted in strong inhibition of P exsD-lacZ reporter activity in the vfr and 316 rsmYZ mutants (Fig. 4D) . By contrast, inhibition by pAlgR was significantly attenuated 317 in the rsmYZ-vfr triple mutant (Fig. 4D) . 318
RsmA, RsmY, and RsmZ expression are increased in a mucA mutant. The 319 reduction in the concentration of free RsmA in the mucA mutant could result from 320 decreased RsmA expression and/or increased RsmY/Z expression. To examine this, 321 transcriptional reporters derived from the rsmA, rsmY, and rsmZ promoter regions 322 (P rsmA-lacZ , P rsmY-lacZ , and P rsmZ-lacZ ) were introduced into wt PA103 and the mucA, algZR, 323
and mucA-algZR deletion strains. To our surprise the activity of all three reporters was 324 elevated ~2 fold in the mucA mutant when compared to wt PA103 (Fig. 5A) . The 2-fold 325 increase in P rsmA-lacZ , P rsmY-lacZ , and P rsmZ-lacZ reporter activities was suppressed in the 326 mucA-algZR mutant, and correlates with the finding that reduced T3SS gene expression 327 in the mucA mutant also requires AlgR. This conclusion is further supported by the 328 on December 25, 2017 by guest http://jb.asm.org/ Downloaded from finding that expression of AlgR in wt PA103 increased the activity of the P rsmA-lacZ , P rsmY-329 lacZ , and P rsmZ-lacZ reporters 2-3 fold relative to the vector control (Fig. 5B) . These data 330 indicate that rsmA, rsmY, and rsmZ transcription are increased in response to elevated 331
AlgR activity. 332
The GacAS two-component system (42) and RsmA (Fig. 4B ) are both required 333 for RsmYZ expression. To determine whether the AlgR-dependent increase in 334
RsmA/Y/Z expression requires GacA and RsmA, we measured P rsmA-lacZ , P rsmY-lacZ , and 335 P rsmZ-lacZ reporter activity in gacA, mucA-gacA, rsmA, and mucA-rsmA mutants. P rsmY-336 lacZ and P rsmZ-lacZ reporter activities were significantly decreased in the gacA and rsmA 337 mutants and in the mucA-gacA and mucA-rsmA mutants (Fig. 5C) . Additionally, 338 expression of pAlgR in the gacA and rsmA mutants did not result in increased P rsmY-lacZ 339 and P rsmZ-lacZ reporter activity (Fig. 5D) indicating that rsmA and gacA are epistatic to the 340 mucA effect on P rsmY-lacZ and P rsmZ-lacZ expression. P rsmA-lacZ activity, however, showed a 341 much different pattern and was unaffected by deletion of either rsmA or gacA in the 342 context of a mucA mutant (Fig. 5C ). In addition, the pAlgR-dependent increase in P rsmA-343 lacZ activity occurred independently of rsmA and gacA (Fig. 5D) P gacS-lacZ , P retS-lacZ , and P ladS-lacZ reporters were unchanged in the mucA mutant (Fig.  353   S3A) . Additionally, expression of pAlgR in wt PA103 did not alter reporter activity 354 compared to PA103 carrying a vector control with the exception of the P gacS-lacZ reporter, 355 which increased ~50%, (Fig. S3B) interaction with their respective mRNAs (28). Consistent with the previous report, the 364 P tssA1'-'lacZ and P PA4492'-'lacZ reporter activities were significantly elevated in the rsmA 365 mutant relative to wt PA103 (Fig. 6 ). In the mucA mutant, however, both reporter 366 activities were similar to wt PA103. These data suggest that mucA mutation does not 367 result in a global shift in expression of the RsmA regulon. 368
One model to account for our data is that the level of free RsmA is only modestly 369 reduced in the mucA mutant and may be within a range that alters ExsA expression 370 while leaving other RsmA targets (i.e., tssA1) unaffected. To test this model we 371 introduced an arabinose-inducible RsmZ expression vector into wt PA103 with the 372 expectation that an increase in RsmZ would reduce the availability of free RsmA. The 373 resulting strains were cultured under low Ca 2+ conditions over a range of arabinose 374 on December 25, 2017 by guest http://jb.asm.org/ Downloaded from concentrations and assayed for P exsD-lacZ and P tssA1'-'lacZ reporter activity. As expected, 375 P exsD-lacZ reporter activity decreased when cells were cultured with increasing 376 concentrations of arabinose (Fig. 7A) . Conversely, the activity of the RsmA-repressible 377 P tssA1'-'lacZ reporter increased in response to elevated arabinose. Importantly, pRsmZ 378 expression with several arabinose concentrations (Fig. 7A, 0 .2 mM and 1 mM 379 arabinose) resulted in a significant decrease in P exsD-lacZ activity without significantly 380 altering P tssA1'-'lacZ reporter activity. Neither P exsD-lacZ nor P tssA1'-'lacZ expression were 381 altered significantly by the vector control (Fig. 7B) . Together, these data suggest that 382
ExsA expression is sensitive to smaller alterations in free RsmA levels when compared 383 to TssA1. 384
385
DISCUSSION 386
Clinical isolates from acute and chronic P. aeruginosa infections can be 387 differentiated from one another by their patterns of virulence gene expression. Those 388 patterns are controlled, in part, through global regulatory systems including the AlgU-389
MucA alternative sigma factor, cAMP-Vfr signaling, and RsmAYZ systems. Previous 390 studies established that mucA, vfr, and rsmA mutants each have a significant reduction 391 in T3SS gene expression (25-28). In this study we demonstrate that crosstalk between 392 these pathways coordinates T3SS gene expression. A key mediator of this crosstalk is 393 the AlgZR two-component system. Our data indicate that AlgR inhibits T3SS gene 394 expression through two distinct mechanisms (Fig. 8) . First, as reported previously, AlgR 395 inhibits Vfr expression (26). Interestingly, a strain engineered to constitutively express 396 the exsCEBA operon (UY339) was no longer dependent upon Vfr for maximal T3SS 397 on December 25, 2017 by guest http://jb.asm.org/ Downloaded from gene expression (Fig. 1A vs 2C ). This finding suggests that Vfr may regulate 398 transcription of the exsCEBA operon through the P exsC promoter. Regulation by Vfr is 399 likely indirect, however, as we have been unable to demonstrate direct binding of Vfr to 400 the P exsC promoter region (data not shown). The second AlgR-dependent inhibitory 401 mechanism involves recalibration of the RsmAYZ regulatory system to inhibit ExsA 402 expression at a post-transcriptional level. Although previous studies reported that T3SS 403 expression is RsmA dependent, our finding that RsmA positively regulates ExsA 404 expression at the post-transcriptional level is novel. Whether the effect of RsmA on 405 exsA expression is direct or indirect, and working at the level of translation, mRNA 406 stability, or in some other way, will be the subject of future studies. RsmA/Y/Z expression is increased in mucA mutants through an AlgR-dependent 422 mechanism (Fig. 5A-B) . We used epistasis analyses to investigate the relationships 423 between AlgR, the GacAS/LadS/RetS regulatory system, and RsmA itself. We found 424 that previously known regulatory networks (GacAS, RsmA) were necessary for RsmYZ 425 expression of the mucA mutant (Fig. 5C-D) . These data suggest that AlgR works 426 together with known regulatory systems to modify RsmYZ expression levels but does 427 control them independently. For this reason we do not believe that AlgR directly 428 interacts with the rsmY/rsmZ promoter regions to control expression. AlgR also does 429 not seem with work through regulation of GacAS/LadS/RetS expression. These data 430 suggest that AlgR is a novel regulator of RsmYZ expression but the mechanism of 431 action remains undefined. Future studies will focus on whether AlgR directly activates 432 P rsmA transcription, or whether AlgR acts to increase RsmA expression indirectly. 433
Although our data demonstrate that expression of the P rsmA-lacZ , P rsmY-lacZ , and 434 P rsmZ-lacZ transcriptional reporters increased 2-3 fold in the mucA mutant (Fig. 5A) , it is 435 unclear how this could result in a net reduction in the level of free RsmA. Several lines 436 of evidence indicate that RsmA homeostasis is tightly controlled. Data from this study 437 and others have shown that rsmYZ transcription requires RsmA (Fig. 4B) (57) . We also 438 found that plasmid-expressed RsmA results in a significant increase in expression of the 439 
